The large longitudinal magnetoresistance (MR) of high quality uniaxially deformed 1.5 µm thick polycrystalline bismuth films deposited in vacuum on non-crystalline substrate and annealed at critical temperatures was investigated. The experimental results are interpreted on the basis of polycrystalline Bi thin film model. The data suggest that in tellurium doped Bi films the influence of uniaxial deformation on MR can be up to 400%. It was found that strain and compression cause a considerably different dependence of MR on magnetic field, which is explained in terms of electron intervalley repopulation in polycrystalline film crystallites.
Introduction
Bi is a typical semimetal with the overlap of the valence and conduction bands of about 30 meV. The low carrier concentration together with a small effective mass and a long mean free path has made Bi a material for quantum transport investigations. The highly anisotropic Fermi surface and large carrier mobility has made Bi important for applications.
Strong anisotropy of the electrical conductivity of bulk Bi and Bi 1−x Sb x single crystals under strain in the direction of the binary C 2 axis has been investigated by Shubnikov-de Haas effect measurements at liquid helium temperature in [1] and by magnetoplasma waves at 77 K in [2] . It was shown that the anisotropy and orientation of the hole "ellipsoid" and the electron "ellipsoids" did not change in the wide range of deformation. However, Lifshitz electron phase transitions and topological alterations of the Fermi surface 3e + 1h → 2e + 1h, 3e → 1e, 3e → 2e are observed. The strain in direction of C 2 axis causes the transitions of electrons from valleys L 2 and L 3 to valley L 1 with high anisotropy of electron mobility. The electrical piezoeffect caused by the deformation-induced anisotropy of electron mobility in the semiconducting Bi 1−x Sb x was measured by the crossed induction coil technique [3] .
The application of bulk single crystals is limited by their low mechanical strength and the complicated technology required to prepare single-crystal devices. Many workers have studied the galvanomagnetic effects of the bismuth films extensively. The anisotropy of electrical conductivity and electrical piezoeffect due to anisotropy was found and in uniaxially deformed polycrystalline Bi films consisting of crystallites from 200 to 400 nm in size [4] . It was demonstrated that thin Bi and Bi-Sb films could be used for the development of deformation and magnetic field sensors [5, 6] . High quality single-crystal (epitaxial) Bi films exhibit large magnetoresistance (MR) effects at low and room temperatures [5, 7, 8] . Only very recently high quality Bi thin films have been produced using the method of evaporation of Bi onto a non-crystalline dielectric substrate in high vacuum with a post-annealing process at critical temperatures T c close to the film melting temperature [9, 10] . The large magnetoressistance of such films is associated with high anisotropy of L-electron mobility in large high quality crystallites.
In this paper, we report on investigations of large longitudinal magnetoresistance in the uniaxially deformed high quality thin polycrystalline Bi films prepared at critical temperatures. 
Longitudinal resistivity of deformed polycrystalline n-Bi films
The longitudinal resistivity ρ 11 and MR of polycrystalline Bi films was calculated using the model proposed in Refs. [4, 10, 11] , where the film is represented by a structure consisting of the microcrystallites having trigonal surfaces parallel to film surface. The microcrystallites are turned with respect to each other in a plane parallel to film surface. The state of the thin film in the substrate plane can be treated as quasi-isotropic. In a uniaxially deformed Bi and Bi 1−x Sb x the energetic position of the three electron L-valleys (compared to the bottom of the valence zone at the T -point of the Brillouin zone) depends on the direction and the magnitude of deformation. The strain deformation (+ε xx ) in the direction of the binary C 2 axis or compressive deformation (−ε xx ) in bisectric C 1 axis causes a transition of electrons from valleys L 2 and L 3 to valley L 1 . Compression in C 2 axis or strain in C 1 axis induces a transfer of electrons from valley L 1 to valleys L 2 and L 3 . Theoretical calculations of intervalley repopulation and the mobility of L-electrons in Bi and Bi 1−x Sb x microcrystallites [12] are based on the McClure equation [13] . The energy spectrum of the electrons described by this equation is non-parabolic and the isoenergetic surfaces are nonellipsoidal. Typical curves of the ratio of electron concentrations n 1 and n 2 in the two L-type valleys of Bi at different temperatures as a function of deformation +ε xx in C 2 direction, calculated using the relaxation time approximation, are shown in Fig. 1 . As it is easily predictable, the repopulation of electrons is much higher at lower temperatures, but even at 300 K there is a considerable part of extra electrons remaining in the higher-energy valley L 1 (about 50% in the lower- energy valley L 2 at +ε xx = 0.25%). On the other hand, this means that the repopulation of electrons into one or two valleys is far from complete in the temperature range considered. It should be noted that Shubnikovde Haas effect measurements at liquid helium temperature show that in Bi crystals the one-valley semiconductor is realized for deformation +ε xx > 0.18% [1] . The electrical piezoeffect measurements in tellurium-doped semiconducting n-Bi-Sb crystals at liquid nitrogen temperature show that under strain in the direction of the binary C 2 axis for +ε xx > 0.1% the electron repopulation rate n 1 /(3n) is > 0.8. Here n 1 is electron concentration in valley L 1 and 3n is electron concentration in valleys L 1 , L 2 , and L 3 [3] .
The electrical resistivity ρ 11 and longitudinal MR calculations for polycrystalline Bi films were made in the classically strong non-quantizing magnetic fields under uniaxial strain S or compression P in the film plane in direction parallel to dc current. We suppose that for deformation +ε xx > 0.25% the electron repopulation rate n 1 /(3n) > 0. 8 . The values of mobility µ 1 = 59, µ 2 = 1.12, µ 3 = 32.7, µ 4 = −3.8 (in units of 10 4 cm 2 V −1 s −1 ) for electrons in the vicinity of L-points of Bi at liquid nitrogen temperature and electron concentration 3n = 5.24·10 17 cm −3 were used [14] . Here the labels 1, 2, and 3 mark the binary axis, bisectric axis, and trigonal axis, respectively. We used the crystallite resistivity tensor ρ elements obtained from mobility-field product calculations (the formulae are given in the Appendix).
A comparison of calculated values of the longitudinal resistivity of deformed bismuth film ρ 11 as a function of magnetic field B applied parallel to the film plane is shown in Fig. 2 . We suppose that the conductivity is determined by L-electrons (e. g. in Bi film doped with Te) and deformation is parallel to B. As can be seen from Fig. 2(a) , the difference in calculated ρ 11 values for strain and compression is large. The magnetic field B decreases the influence of the deformation on ρ 11 .
The longitudinal MR was calculated by using the ratio R(B)/R(B = 0), where R(B) and R(B = 0) are film resistances at a certain magnetic field and zero magnetic field, respectively. Figure 2(b) shows the MR ratio R(B)/R(B = 0) versus B dependences for Bi films under strain and compressive deformation (±ε xx = 0.25%). As can be seen, the compression at higher magnetic fields, where ω c τ 1 (here ω c and τ are the cyclotron frequency and relaxation time of charge carriers), significantly decrease MR (up to 400%). The longitudinal MR ratio in compressed Bi films increases as B increases and tends towards saturation when B > 0.3 T. The tendencies to saturation in the strained and undeformed Bi films show up at B > 0.8 T. The magnitude of MR in the compressed Bi films is larger than in strained ones at ω c τ ≈ 1 and the ratio ρ 11 (S)/ρ 11 (P ) shows a maximum (see the inset of Fig. 2(b) ). Here ρ 11 (S) and ρ 11 (P ) are film resistivities at strain and compression, respectively.
The longitudinal resistivity of polycrystalline bismuth film ρ 11 is caused by resistivities of two groups of microcrystallites: with B approximately in the direction of the bisectric axis C 1 and with B approximately in the direction of the binary axis C 2 . The depending on B magnitudes and behaviours of ρ 11 and longitudinal MR of such microcrystallites are very different. The strain or the compression in the C 2 direction induces a transfer of electrons between the mentioned groups and causes considerable changes of ρ 11 and longitudinal MR. Figure 2 (b) shows a nonsymmetric change of MR under the strain and compression deformation. This is due to the different resistivity and anisotropy of the electron mobility in each of the two groups of deformed microcrystallites.
Longitudinal resistivity in deformed undoped Bi films
The conductivity in undoped (pure) Bi films is determined by the concentration and mobility of L-electrons and T -holes. The T -holes in substrate plane have a larger effective mass than the L-electrons. Considering the transport properties in undoped Bi films in nonquantizing magnetic fields, the total magnetoconductivity tensor can be found by summing the partial contributions of L-electrons and T -holes. Figure 3 shows the calculated longitudinal MR magnetic field dependences in deformed at ±ε xx = 0.25% and undeformed Bi film. As can be seen, at higher magnetic fields, in the range where ω c τ 1, holes decrease MR from 8.3 ( Fig. 2(b) ) down to 2.5. The Fermi surface of T -holes is an ellipsoid of revolution with its major axis along the trigonal axis. For this reason, the conductivity caused by T -holes in substrate plane noticeably reduces the anisotropy of the film determined by L-electrons and reduces MR [11] . On the other hand, the influence of holes on MR in compressed Bi film is small. This could be explained by assuming that the longitudinal resistivity of compressed bismuth film is caused by the group of microcrystallites with lower anisotropy. 
Experimental
Bismuth thin films for longitudinal MR investigations were prepared by thermal vacuum evaporation onto substrates made from Corning 7059 glass. The deposition of 99.999% pure Bi was performed using a Mo boat at a pressure of 10 −6 torr and an evaporation rate of ∼1.5 nm/s. The distance between the Bi source and the substrate was about 10 cm. The films were plated at substrate temperature of 390 K. The film thickness d was 1.5 µm. The annealing process was performed in vacuum at critical temperatures T c near the film melting temperature. In this case, small melted crystallites create favourable conditions for the growth of larger crystallites having a higher quality and more ordered crystalline structure. The size of the crystallites ranged from 50 to 200 µm. Films having an extra-high quality structure and very large MR were obtained on Corning glass substrates at critical temperatures T c [6] . Samples were in the shape of 2 mm wide strips. The electrical contacts were made from thin Ag films, which were deposited onto the Bi film using suitable masks. Finally, Cu leads were attached to the Ag contact areas by means of Ag based conducting epoxy. The longitudinal MR was measured in a dc magnetic field of inductance up to 2.5 T. The experimental arrangement for investigating axial strain or compression deformation was the same as in [6] .
A comparison of calculated and experimental data on the longitudinal MR ratio R(B)/R(B = 0) of the strained and compressed undoped Bi films annealed at critical temperatures T c is shown in Fig. 4 .
The longitudinal MR ratio of the Bi film annealed as usual at temperatures T A < T c (grain size from 3 to high quality film structure. Present experimental results for strained (empty circles) and compressed (empty squares) high quality film structure. Experimental data for undeformed polycrystalline film (full squares) [15] . The magnetoresistance was measured at 77 K.
6 µm) [15] is shown by curve 3 in Fig. 4 . It can be seen that the abrupt increase in the film resistance in weaker magnetic fields starts at magnetic fields many times larger than that for films annealed at critical temperatures T c . This could be explained by much greater L-electron and hole mobility in the annealed at critical temperatures Bi films. In annealed at T c Bi film the scattering at the intercrystallite boundaries is weak. A good agreement between the behaviour of MR versus the magnetic field for suitably annealed undeformed Bi films and those calculated within the bulk polycrystalline model was obtained for non-quantizing magnetic fields. The good fits between the experimental and calculated values of MR was obtained using an additional scalar relaxation time, which reduced the L-electron and T -hole mobilities by 30%. This could be explained by assuming that rather isotropic extra scattering channels exist, such as scattering from the film surface or from other imperfections [9] . On the other hand, there is a difference between the experimental and calculated MR values for the strained and compressed Bi films. This could be explained by supposing that in strained and compressed at deformation ±ε xx = 0.25% polycrystalline Bi film the electron repopulation rate n 1 /(3n) is lower than 0.8 in the temperature range considered. two approximately equal groups [4] . The microcrystallites of group a have crystallographic axis C 1 and those of group b have crystallographic axis C 2 orientated in the substrate plane parallel to the current direction. The trigonal axis C 3 of the majority of microcrystallites is inclined to the substrate surface normal at angles smaller than 5 • . The prepared Bi film thickness is equal to the microcrystallite thickness. The resistivity ρ of these films can be represented as a series of resistances ρ a l 
where ρ Gb is the resistivity of the grain boundary. If the microcrystallite size l 1 is much greater than the grain boundary thickness l 2 , then
Since ρ Gb is independent of magnetic field, the MR is independent of the term that contains ρ Gb . The longitudinal resistivity (B is in the film plane and parallel to the current) then is 
In these expressions, the symbol σ L represents longitudinal conductivity of a and b microcrystallites. The symbols ∆ e , µ j and ∆ h , ν j denote the determinants and elements of the mobility tensors for L-electrons and T -holes, respectively. The densities of L-electrons (3n) and T -holes (p) are assumed to be equal, where 3n = n 1 + n 2 .
